Abstract: Spontaneously diabetic Torii (SDT) rats were established from Sprague-Dawley (SD) rat and are used as an animal model of type 2 diabetes mellitus. In the present study, the mechanism of the development of injury in the pancreas of these rats was examined focusing on the role of monocytes/macrophages. The number of lymphocytes and monocytes in the circulation of SDT rats increased with age, reaching a plateau at around 9 weeks of age and remaining at that level thereafter. The number of leukocytes in SDT rats was almost twice that of wild-type SD rats. Serum IL-18 levels began to increase at 8 weeks of age, forming a prominent peak at 9 weeks of age. In parallel with this, serum levels of NO 2 /NO 3 showed an abrupt rise and decline. Spleen cells prepared from 9-week-old SDT rats expressed high levels of IFN-g in response to IL-18, while those from 9-week-old wild-type SD rats did not. Immunohistochemical analysis revealed marked infiltration of CD68 + cells in the islets of SDT rats. Treatment of SDT rats with Cl 2 MDP-liposomes reduced the number of monocytes as well as levels of NO 2 /NO 3 in the circulation. Consistent with this, the number of infiltrated CD68 + cells in the islets was reduced in SDT rats treated with Cl 2 MDP-liposomes. These results suggest that macrophages are involved in pancreatic islet injury in SDT rats through excess production of NO induced by IL-18 which increases transitorily at around 9 weeks of age.
Introduction
Male SDT rats, known as a model of non-obese type 2 diabetes, develop hyperglycemia without obesity at around 20 weeks of age and manifest nephropathy and ocular complications such as cataract and proliferative retinopathy [30] . At 8-10 weeks of age, SDT rats manifest microvascular abnormalities such as congestion and hemorrhage in pancreatic islets [20] . At around 9 weeks of age, invasion of inflammatory cells into the pancreas and destruction of b-cells are observed [20] . Fibrosis in the pancreas occurs starting at about 20 weeks of age -Original- [20] . The invasion of inflammatory cells into the pancreas continues throughout the life of SDT rats, and high levels of glucose are also maintained in the blood [30] . Interestingly, however, SDT rats live long, for more than 2 years, without fatal complications even in the absence of exogenous administration of insulin.
Although diabetes of SDT rats has been considered as type 2, the pancreas of SDT rats also manifests features of type 1 diabetes, such as vigorous cell invasion [20] . Type 1 diabetes mellitus is an autoimmune disease that results in destruction of insulin-producing b-cells in the pancreatic islets. A variety of inflammatory cells and mediating molecules including cytokines and oxygen radicals are involved in the destruction of islet b-cells [19] . In non-obese diabetic (NOD) mice, used widely as a model of type 1 diabetes, macrophages play a role in the initiation and progression of autoimmune diabetes. Macrophages accumulate around the islets at 4-5 weeks of age prior to the peri-insular concentration of lymphocytes and later infiltrate into the islets [14, 28] . It has been shown that excess nitric oxide (NO) production by macrophages present continuously in the pancreas of NOD mice mediates b-cell damage [2, 3, 5, 16] . It has also been shown that excess production of NO by macrophages is induced by IFN-g, produced by lymphocytes in response to stimulation by IL-18 and IL-12 [4] . Histological studies show that the islets of SDT rats are invaded by various inflammatory cells, but whether these cells mediate b-cell injury, as in NOD mice, has not been investigated.
Macrophages play a role in the pathogenesis of various diseases as well as in host defense. Macrophage depletion can be achieved by systemic injection of liposomes containing clodronate [37] . Clodronate belongs to the family of bisphosphonates (BPs), bone-seeking agents that are potent inhibitors of osteoclasts. Like other BPs, clodronate has poor cell membrane permeability [27] . Liposomes are readily taken up by cells in the reticuloendothelial system, in particular by macrophages. Liposome-mediated delivery of clodronate inactivates and kills macrophages after effective phagocytosis [29] but is not toxic to nonphagocytic cells [37] . The action of liposomes is different from that of various immunosuppressant drugs which reduce leukocytes by production in bone marrow. In animal models, depletion of monocytes/macrophages using Cl 2 MDP-liposomes has been shown to ameliorate immune thrombocytopenic purpura [1] , vascular repair after mechanical arterial injury [7] , pneumocystis pneumonia [17] , and autoimmune hemolytic anemia [15] .
In this study, we examined the possibility that macrophages may play a pivotal role in b-cell destruction in SDT rats and that systemic inactivation of macrophages might lead to attenuation of islet injury. The results show that depletion of macrophages by clodronate in liposome reduced pancreatic invasion of macrophages and destruction of islet b-cells.
Materials and Methods

Animals
Male SDT rats were provided by the animal control center of the SDT rat study group (Torii Pharmaceutical Company, Tokyo, Japan). Age-matched male SD rats were purchased from CLEA Japan Inc. (Tokyo, Japan). All experimental procedures were approved by the Animal Care Committee of Hyogo College of Medicine.
Blood cell count
Blood samples were collected from the cervical vein using heparinized syringes in tubes containing EDTA once a week. Red blood cells, leukocytes, and platelets were stained with hematoxylin-eosin (HE) and counted under a microscope.
Flow cytometory
Peripheral leukocytes were separated by density gradient centrifugation with Histopaque1083™ (Sigma Aldrich, St. Louis, MO, USA) and incubated with FITCconjugated anti-rat CD8 and Gr-1 antibodies, phycoerythrin (PE)-conjugated anti-rat CD3 antibody, and cychrome-conjugated anti-rat CD4 and CD161a antibodies (BD Bioscience Pharmingen, San Jose, CA, USA) for 15 min at 4°C. Cells were washed 3 times with staining buffer (PBS containing 2% FCS and 0.05% NaN 3 ) and analyzed by flow cytometory (Becton Dickinson).
Assay of cytokines and NO metabolites
Serum levels of cytokines were measured by ELISA. 
Cell cultures
Splenocytes isolated from 4-to 10-week old SD and SDT rats were cultured in RPMI1640 medium (Sigma Aldrich) supplemented with 10% FCS, 10 mM glutamine, 20 µM 2-mercaptoethanol, penicillin (100 U/ml), and streptomycin (100 µg/ml). Leukocytes prepared from peripheral blood were cultured in the same medium lacking phenol red (Sigma Aldrich). Cells were plated on 48-or 96-well culture dishes at a cell density of 1 × 10 6 cells/ml, and cultured with 100 ng/ml recombinant rat IL-18 (Glaxo Smith Kline Pharmaceuticals, PA, USA) and IL-12 (R&D Systems). The supernatants were collected and stored at -80°C until use.
Histological examination
The pancreases from 4-and 9-week-old SDT rats were fixed in 4% paraformaldehyde at 4°C overnight, embedded in paraffin, and cut into 3-µm sections. The sections were stained with HE for observation under a light microscope. For immunohistochemical analysis of CD68, a marker of macrophage, sections were treated with 0.1% trypsin for 5 min at room temperature after de-paraffinization. The sections were stained by the avidin-biotin complex (ABC) method using Vectastain ABC Kit (Vector laboratories, CA, USA). The primary antibody used was mouse anti-rat CD68 (1:200 in PBS containing 1% BSA) (Serotec Ltd., Oxford, UK). They were then incubated with biotinylated second antibodies for 30 min, and then with ABC reagent for 30 min. Positive reactions were visualized by developing color with peroxidase substrate solution containing 3,3'-diaminobenzidine tetrahydrochloride (DAB) (Zymed Laboratories, San Francisco, CA).
Treatment with Cl 2 MDP-liposomes
Liposome encapsulated with clodronate (25 mg/kg) or PBS-liposomes were purchased from Katayama Chemical Industries Co., Ltd. (Osaka, Japan). Six-weekold SDT rats were intravenously injected with Cl 2 MDPliposomes (1 ml/rat) or PBS-liposomes as a control once a week for 3 weeks. Seven days after the final injection, all the rats were euthanized for flow cytometory analysis of blood cells and histological analysis of the pancreas. Pancreatic islets infiltrated with inflammatory cells were counted and expressed as a proportion of the total islets of the same pancreas. More than 50 pancreatic islets were examined for each rat.
Statistical analysis
Data are expressed as mean ± SE. The statistical significance of the difference between two means was evaluated using Student's t-test. In these tests, P values of <0.05 were considered to be significant.
Results
Age-dependent changes of leukocyte numbers in SD and SDT rats
The numbers of leukocytes in SDT and SD rats increased with age. The number of leukocytes in SDT rats was 6,888 ± 599 /µl at 4 weeks of age and 21,057 ± 1,436 /µl at 10 weeks of age. In SD rats, the leukocyte number was 4,063 ± 541 /µl at 4 weeks of age and 11,150 ± 1,574 /µl at 10 weeks of age. The number of leukocytes in SDT rats was twice as large as that in SD rats throughout the experimental period (Fig. 1) . SDT rats exhibited significant leukocytosis throughout the experimental period as compared to SD rats.
Analysis of the cellular composition of blood lymphocytes by FACS
The number of CD3 + CD4 + cells (helper/inducer T cells) in the circulation in SDT rats was 1,214 ± 227 /µl at 4 weeks of age and rose to 4,491 ± 332 /µl at 10 weeks of age. In SD rats, it was 994 ± 149 /µl at 4 weeks of age and 2,614 ± 352 /µl at 10 weeks of age ( Fig. 2A) . Thus, the number of CD3 + CD4 + cells in SDT rats was about twice as large as that in SD rats. Similarly, the was larger in SDT rats than in SD rats (Fig. 2B) . The number of CD3 -CD4 + monocytes in SDT rats was more than three times as large as that in SD rats (Fig. 2C) . The number of CD3 -CD161a + NK cells was small throughout the experimental period (Fig. 2D) . The number of CD3 -Gr-1 + neutrophils in SDT rats was significantly larger than that in SD rats (Fig. 2E) larger in number in SDT rats than in SD rats at 4 to 10 weeks of age.
Serum levels of IL-18, IL-12p40, IL-12p70, IFN-g, IL-4, IL-6, IL-10, TNF-a, and NO metabolites in SD and SDT rats
Expression of IL-12p40, IL-18, IFN-g, and iNOS is known to be augmented in NOD mice [12, 25, 26, 31] . We analyzed whether SDT rats also produce these molecules at high levels. Serum levels of IL-18 in SD rats ranged from 1,300 to 1,900 pg/ml throughout the experimental period (Fig. 3A) ; those in SDT rats ranged from 180 to 200 pg/ml at 5 to 7 weeks of age, increasing to 1,234 ± 314 pg/ml at 9 weeks, and then decreasing to 651 ± 190 pg/ml at 10 weeks. Thus, serum IL-18 formed a prominent peak at 9 weeks of age in SDT rats (Fig.   3A) . Serum levels of IL-12p40 ranged from 800 to 1,300 pg/ml throughout the experimental period both in SD and SDT rats, and there was no significant difference between them (Fig. 3B) . Serum levels of IL-12p70 were not detected throughout the experimental period both in SD and SDT rats (data not shown). There were also no significant differences in the levels of IFN-g, IL-4, IL-6, IL-10, and TNF-a (data not shown).
Serum NO 2 /NO 3 levels in SD rats were below 5.0 µM throughout the experimental period, while in SDT rats, they were less than 5.0 µM at 4 to 8 weeks of age, transiently increasing to 35.5 ± 5.4 µM at 9 weeks, and then decreasing to below 5.0 µM at 10 weeks (Fig. 3C) .
IFN-g production induced by IL-12 and IL-18 in splenocytes of SD and SDT rats
IFN-g produced in the culture of splenocytes from 4-to 10-week-old SD and SDT rats in the presence of IL-12 was less than 50 pg/ml. In the presence of IL-18, levels of IFN-g produced in the culture of splenocytes from 4-to 8-week-old SDT rats were 4,000 to 6,700 pg/ ml, 11,623 ± 3,244 pg/ml in 9-week-old SDT rats, and were 2,001 ± 400 pg/ml in 10-week-old SDT rats. In the presence of IL-18, splenocytes from SDT rats of 9 weeks of age produced higher levels of IFN-g than those from age-matched SD rats (Fig. 4A) . Although a com- bination of IL-12 and IL-18 is known to synergistically upregulate IFN-g production in lymphocytes, the combination failed to do so in this study. These results show that the ability to produce IFN-g in response to IL-18 was augmented in the splenocytes of 9-week-old SDT rats.
NO 2 production in SD and SDT rats peripheral leukocytes induced by IL-12 and IL-18
In the presence of IL-12, NO 2 produced in the culture of leukocytes from SD and SDT rats was less than 17 µM, with no signifi cant age-dependent differences (Fig.  4B) . In the presence of IL-18, NO 2 production increased with age: 3.1 ± 0.3, 15.0-17.0, and 30.0 µM for 4-, 5-to 7-, and 8-to 10-week-old rats, respectively (Fig. 4B) . NO 2 production was more effi ciently induced by IL-18 in the splenocytes from SDT rats at around 9 weeks of age than in the cells from age-matched SD rats (Fig. 4B) . A combination of IL-12 and IL-18 did not exhibit a synergistic effect on the production of NO 2 (Fig. 4B) 
Histological examination of the pancreas of SDT rats
Histological examination of the pancreas showed that the islets of 4-week-old SDT rats were free from infi ltration by infl ammatory cells (Fig. 5A) . However, in the pancreases of 9-week-old SDT rats, infl ammatory cells were observed in and around the islets (Fig. 5B) . Immunohistochemical analysis using antibody to CD68 (macrophage marker) showed vigorously infi ltrating CD68 + cells in the pancreas of 9-week-old SDT rats, while they were absent in the pancreases of 4-week-old rats (Figs. 5C and 5D).
Treatment with Cl 2 MDP-liposomes reduced the number of leukocytes, monocytes, and levels of NO metabolites in the circulation and inhibited macrophage invasion in the islets
We examined the effect of removal of monocytes/ macrophages with Cl 2 MDP-liposomes on the number of monocytes in the circulation and on the infi ltration of macrophages into the islets of 9-week-old SDT rats (Fig.  6 ). We found a signifi cant reduction in the number of circulating leukocytes (Fig. 6A) , monocytes in particular (Fig. 6B) . Cl 2 MDP-liposome treatment also resulted in a reduction in the number of infiltrating macrophages in the pancreas of SDT rats. Treated rats showed essentially no fibrosis in and around the islets and much fewer infiltrating cells in the islets (Figs. 7B and 7E ) as compared to control rats (Fig. 7A) . In particular, only a few infiltrating CD68 + cells were observed in the islets of treated rats (Fig. 7D) . These results show that treatment of SDT rats with Cl 2 MDP-liposomes improved infiltration of macrophages in the pancreas. Treatment of Cl 2 MDPliposomes also inhibited an increase of NO metabolites in serum of SDT rats. As expected from the histological results, Cl 2 MDP-liposome treatment suppressed serum NO 2 /NO 3 levels in 9-week-old SDT rats (Figs. 3C and 7F).
Discussion
It has been reported that higher white blood cell counts may predict the development of impaired fasting glucose or type 2 diabetes in middle-aged Japanese men [21] . For adults in the United States, raised leukocyte counts have been shown to be associated with type 2 diabetes onset [8] . However, the significance of this leukocytosis in relation to diabetes has not been elucidated. SDT rats have been considered to develop type 2 diabetes. In the present study, the roles of inflammatory cells in the destruction of b-cells in the pancreatic islets were examined. We found that SDT rats exhibited significant leukocytosis at 4 to 10 weeks of age in comparison to SD rats (Fig. 1) . Leukocytes that increased in number in SDT rats at 8 to 10 weeks of age included CD3 + CD4 + cells ( Fig. 2A) , CD3 + CD8 + cells (Fig. 2B ), CD3 -CD161a + NK cells (Fig. 2D) , CD3 -Gr-1 + neutrophils (Fig. 2E) , and most notably CD3 -CD4 + monocytes (Fig. 2C) . Concomitantly, serum levels of IL-18 ( Fig. 3A) and NO 2 / NO 3 ( Fig. 3C ) increased in 9-week-old SDT rats. No such changes were observed in SD rats (Figs. 3A and  3C ). However, in the presence of IL-18, splenocytes from SDT rats, particularly those at 9 weeks of age produced high levels of IFN-g (Fig. 4A) . Levels of NO 2 in leukocytes from SDT rats were also elevated in the presence of IL-18 (Fig. 4B ). Serum NO 2 /NO 3 levels were lower in 10-week-old SDT rats than those in 9-week-old SDT rats (Figs. 3A and 3C) , which may reflect a rapid decrease in circulating IL-18 levels after 9 weeks of age. It has been demonstrated that excess NO production plays a crucial role in islet injury in NOD mice [6] . In SDT rats, high levels of production of NO as well as those of IL-18 were transient and in parallel (Figs. 3A  and 3C ). The reason for this fi nding was not clear. However, it has been reported that IL-18, when administered to mice, causes production of a large amount of NO in an IFN-g-dependent manner [4] . Since IL-18 stimulates IFN-g production, it is probable that IL-18 activates IRF-1 that is known to be activated via IFN-g. In addition, IL-18 has been shown to activate NF-kB and NF-AT, which are essential for IFN-g production [35] . Thus, IL-18 is likely to be involved in iNOS induction. IL-12 is a proinflammatory cytokine. The biologically active IL-12 is a 70-kDa heterodimer (IL-12p70), with 40-kDa (p40) and 35-kDa (p35) subunits [10] . IL12p40 is expressed and secreted in large excess over IL-12p70 [11, 24] . It has been demonstrated that IL12p40 blocks the activities of IL-12p70, leading to the suggestion that IL-12p40 serves as a natural antagonist of IL-12p70 [9] . In this study, serum levels of IL-12p40 ranged from 800 to 1,300 pg/ml throughout the experimental period in SDT rats (Fig. 3B) , and serum levels of IL-12p70 were not detected throughout the experimental period (data not shown), suggesting that the SDT rats were in an immune-suppressive condition.
It has been suggested that elevated levels of IL-18 predict the development of type 2 diabetes [34] . However, in young NOD mice developing type 1 diabetes, systemic administration of IL-18 promotes the development of diabetes [23] and IL-18 blockade with IL-18-binding protein (BP) delays its onset [39] . IL-18 also contributes to the injury of islets in diabetic mice induced by multiple low doses of streptozotocin (STZ) [22] . These results suggest that IL-18 is profoundly involved in the pathogenesis of type 1 diabetes through upregulation of IFN-g and NO synthesis. The present study using SDT rats suggests that IL-18 is involved in the development of type 2 diabetes in a way similar to that of type 1 diabetes.
Masuyama et al. have reported the presence of inflammatory cells in and around the islets of 10-week-old SDT rats, suggesting that inflammatory cell infiltration is an important factor in islet destruction [20] .
It has been shown that a large number of macrophages are present in the pancreas of neonatal NOD mice [36] . Macrophages are among the first cells to infiltrate the islets, and when fully activated can exert cytotoxicity against b-cells via excess production of TNF-a and reactive oxygen intermediates such as NO [18, 32, 33] . In this study, we found infiltration of macrophages in and around the islet of 9-week-old SDT rats (Fig. 5D ). This occurred in parallel with raised serum levels of IL-18 and NO 2 /NO 3 , forming a prominent peak at around 9 weeks of age. These results suggest that infiltrating macrophages produce a large amount of NO by the induction of IL-18 and IFN-g, resulting in damage to the islets. The mechanism of the progressive injury of the islets after 9 weeks of age was not explored in this study. Shinohara et al. have reported that infiltrating cells in and around the islets include lymphocytes and macrophages [30] . We speculate that the pancreatic islets of SDT rats may be injured by excess NO produced by macrophages at 9 weeks of age, and subsequently by infiltrating lymphocytes.
Cl 2 MDP-liposomes are known as a potent anti-macrophage agent [38] which is useful for the treatment of various diseases in animal models [1, 13] . In this study, we found that treatment of 6-week-old SDT rats with Cl 2 MDP-liposomes prevented infiltration of macrophages into the pancreas (Figs. 7D and 7E ). At the same time, serum NO levels were low in the treated SDT rats as compared to control rats (Fig. 7F) .
In summary, treatment with Cl 2 MDP-liposomes decreased serum levels of NO 2 /NO 3 and reduced invasion of macrophages in the pancreatic islets of SDT rats. This suggests that macrophages play an important role in pancreatic islet injury in SDT rats.
